» The vast majority of biomechanical evidence favors double-row repair and/or transosseous-equivalent double-row repair with respect to footprint contact area, footprint compression, ultimate load to failure, and gap formation for full-thickness posterosuperior rotator cuff tears.
» Studies have documented a lower rate of imaging-diagnosed rotator cuff retears when traditional double-row repair is compared with traditional single-row repair types.
» Level-I clinical outcome studies have typically failed to document a difference between single-row and double-row repairs in terms of clinical outcome measures; however, these studies are often underpowered and therefore at high risk of having a type-II error.
» The authors recommend performing a transosseous-equivalent double-row repair whenever tissue mobility permits.
O ver the past two decades, arthroscopic rotator cuff repair has become one of the most popular orthopaedic surgical procedures because of its proven ability to diminish pain and improve function in patients with symptomatic rotator cuff tears. As a result of this increasing demand, arthroscopic techniques have evolved rapidly in an effort to improve structural integrity, biomechanical function, and, ultimately, clinical outcomes. With the increasing number of techniques available for the repair of fullthickness rotator cuff tears, debate has arisen regarding the clinical superiority of any one of these methods over the others.
Specifically, this debate has centered on traditional single-row versus traditional double-row repair constructs (Fig. 1) . Therefore, the purpose of this article is to present a critical review of the most relevant evidence and to provide clinical care recommendations regarding arthroscopic single-row versus double-row rotator cuff repair constructs.
Anatomic Considerations
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within the glenoid fossa and to position the humerus in space. The rotator cuff tendons insert into a strong, layered fibrocartilaginous tissue matrix that makes up the footprint, or the enthesis, of the rotator cuff. This fibrocartilaginous tissue is designed to prevent tendonfootprint overloading that may ultimately result in avulsions and/or tears 1 .
Nevertheless, rotator cuff tears can still occur as a result of various intrinsic and/or extrinsic factors, necessitating repair of the avulsed tendon insertion to restore shoulder function. Although a repaired tendon insertion is known to be biomechanically inferior to the native insertion, healing of the anatomic insertion is important-regardless of whether a single-row or double-row technique is used-in order to alleviate pain and restore function. Therefore, a thorough understanding of rotator cuff anatomy is critical to recognizing common tear patterns and thus choosing the ideal repair construct that will adequately restore the rotator cuff footprint and result in favorable outcomes 2 . This is especially true for the more common posterosuperior cuff tears, as this is the area where the controversy between traditional single-row and double-row repair exists. The greater tuberosity has been described has having three insertional facets (superior, middle, and inferior) upon which the supraspinatus, infraspinatus, and teres minor tendons attach. The supraspinatus tendon inserts upon the most anterior aspect of the superior facet. Moving posteriorly, the fibers of the supraspinatus eventually blend with those of the infraspinatus on the middle facet, creating difficulty in identifying the interval between the two tendons. As the contribution from the supraspinatus tendon diminishes, the middle facet then contains tendon fibers solely arising from the infraspinatus muscle. The teres minor inserts upon the most inferior facet of the greater tuberosity and is only involved in the repair of massive rotator cuff tears.
Reported dimensions of the individual footprints of the posterosuperior cuff tendons have been inconsistent to date (Table I) 3-9 . Dugas et al. 6 quantified the insertional anatomy of the posterosuperior cuff in both the sagittal and coronal planes. In their study, the most medial aspect of each tendon insertion was consistently ,1 mm lateral to the articular margin. In addition, no correlation was found between the size of the humeral head and the dimensions of the insertion sites. Curtis et al. 8 also described the insertional dimensions of the posterosuperior cuff. The coronal lengths reported by Curtis et al. 8 are approximately double those reported earlier by Dugas et al. 6 , whereas their respective sagittal lengths are similar. Since both studies reported that the medial edge of the footprint arose just lateral to the articular margin, it is possible that differences in coronal lengths may be due to differences in measurements regarding the lateral extension of each tendon insertion.
More recently, Mochizuki et al. 9 also described the dimensions of the posterosuperior cuff, specifically noting much smaller insertional dimensions of the supraspinatus compared with what had previously been reported. The footprint was described as a right triangle, with the base of the triangle along the humeral articular cartilage and the height of the triangle bordering the bicipital groove (Fig. 2) . This difference is most likely due to subtraction of the joint capsule insertion, which can be Traditional single-row suture configuration utilizes two lateral anchors tied in a simple stitch pattern ( Fig. 1, A) . Traditional doublerow suture configuration utilizes an additional medial row of anchors with mattress stitches (Fig. 1, B) .
up to 4.5 mm in coronal width. Surprisingly, in their dissection of 113 cadaveric shoulders, 21% of supraspinatus tendons had a small area of insertion on the lesser tuberosity, contributing to the roof that covers the bicipital groove. Mochizuki et al. 9 also reported the insertional dimensions of the infraspinatus and found it to be much larger than previously reported. Of note, the investigators found that the infraspinatus footprint extended anterolaterally to the posterior edge of the bicipital groove. This anterolateral extension suggests that involvement of the infraspinatus tendon in rotator cuff tears may be more common than has previously been reported 10 . 16 also found that double-row repairs resulted in significantly improved contact areas over single-row repairs.
Footprint Compression
Extrapolating from data from the knee, compression of the tendon to bone may theoretically facilitate increased quality and quantity of tendon-to-bone healing 11, 17 . Park et al. 18 postulated that these results could be applied to repair 
JULY 2014 · VOLUME 2, ISSUE 7 · e6 of the rotator cuff tendons such that increased tendon-footprint compression may result in improved healing after rotator cuff repair. A follow-up study by Park et al. 19 evaluated the footprint contact characteristics for various singlerow and double-row suture configurations. Using pressure monitors to measure contact pressures over the supraspinatus footprint, they found that single-row constructs repeatedly provided less footprint compression forces than double-row constructs did.
Ultimate Load to Failure
Repairs must also withstand the forces that are typically applied to the rotator cuff tendons with postoperative rehabilitation. Hughes and An 20 measured the maximal contraction forces exerted by the normal supraspinatus and infraspinatus tendons. In abduction and external rotation, the supraspinatus exerted a force of approximately 175 N whereas the infraspinatus exerted a force of greater than 900 N. These results have important implications in rotator cuff repairs: those tears that extend into the infraspinatus tendon will exert a much greater force on the repair construct in the early postoperative period than will those that are isolated to the supraspinatus tendon. Several biomechanical studies have evaluated the ultimate load-to-failure of various rotator cuff repair constructs. Waltrip et al. 21 used cyclic loading to compare single-row and double-row construct strength. In their study, single-row repair with simple sutures failed after a mean of 1414 cycles as compared with the double-row repair, which failed after a mean of 3694 cycles. Gerber et al. 22 found a 23% increase in ultimate load to failure in double-row repairs (336 N) versus single-row repairs (273 N). Smith et al. 23 found a 42% increase in ultimate load to failure after cyclic loading in double-row repairs (320 N) versus single-row repairs (224 N). Similarly, Kim et al. 24 found a 48% increase in ultimate load-to-failure in double-row repairs versus single-row repairs. The limitations of these studies arise from the fact that the testing methods of each study involved a single loading vector. Ahmad et al. 25 followed by evaluating the strength of different suture configurations at various angles of humeral abduction and rotation. They also found that double-row repairs were stronger in all tested positions. Maximum strength of the repair construct is most important in the immediate postoperative period, before healing has taken place. Mazzocca et al. 16 found that a time-zero load to failure of greater than 250 N can withstand rehabilitation with passive range of motion. However, no minimum repair strength has been critically assessed with regard to healing rates and/or retear rates.
Gap Formation
The potential for gap formation-the development of increased space between the tendon-bone interface-is also a predictor of poor rotator cuff healing owing to decreased repair strength and decreased footprint compression. Smith et al. 23 found that gap formation after static loading was more frequent after single-row repairs than after double-row repairs. Kim et al. 24 found that singlerow repairs resulted in a gap of 7.64 mm compared with double-row constructs, which resulted in a gap of 3.58 mm. Milano et al. 26 also found that doublerow repairs were more resistant to gap formation than single-row repairs were. More recently, it was shown in one model that the number of suture passes through the tendon was the most important determinant for gap formation and load to failure regardless of whether a single-row or double-row technique was used 27, 28 . Therefore, the reported differences in gap formation between singlerow and double-row repair may be attributed to the increased number of suture passes required to complete a doublerow repair, thus resulting in decreased gap formation with this repair type.
Single-Row Versus Double-Row Repair: Clinical and Structural Outcomes In response to the volume of biomechanical evidence favoring double-row repair, several Level-I and Level-II studies have compared clinical and structural outcomes after single-row and double-row rotator cuff repair (Table II) 29 
repairs typically do not cover the entire greater tuberosity footprint, it is possible that these "retears" may simply represent an alteration in anatomy of the posterosuperior cuff tendons. In addition, suture anchors at the tendon-bone interface may interfere with the distinction between partial-thickness tears and surgical artifacts on postoperative imaging, especially since single-row repairs have been shown biomechanically to increase tendon-bone gapping. 
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Another potential hypothesis is that a two-year follow-up may not be sufficient to capture those in whom asymptomatic retears have not yet progressed to symptomatic retears. Mall et al. 43 followed 195 patients with asymptomatic rotator cuff tears and found that only 23% (forty-four of 195) became symptomatic two years after study enrollment. Yamaguchi et al. 44 followed forty-five patients with asymptomatic rotator cuff tears via ultrasound and found that the majority of patients (twenty-three of forty-five; 51%) became symptomatic a mean of 2.8 years after study enrollment. These results suggest that patients with imagingproven asymptomatic retears may require more than two years to develop clinical symptoms. As most studies only report outcomes scores as much as two years postoperatively, patients with imaging-proven retears may develop clinical symptoms and worsening outcomes scores if longer-term follow-up is implemented. However, it must be noted that the source of symptomatology may be different in those who have been treated nonoperatively compared with those who have been treated operatively.
A Level-IV retrospective study by Denard et al. 45 compared the clinical outcomes after single-row versus double-row repair in a series of 107 shoulders (sixty-two in the single-row group and forty-five in the double-row group) with a minimum five-year follow-up. In their study, double-row repair was 4.9 times more likely to result in a good or excellent outcome after repair of large to massive rotator cuff tears (p = 0.021). This is the only longerterm study comparing outcomes after single-row and double-row repair and suggests that two-year follow-up may not be adequate to detect clinical differences between single-row and double-row repair, especially since many Level-I and Level-II studies have failed to demonstrate differences in clinical outcomes between single-row and double-row repair techniques after a minimum two-year follow-up.
Although clinical and structural outcomes may prove to be clinically relevant with time, initial tear size also appears to be an important factor related to clinical outcomes. In a Level-II trial, Park et al. 38 compared the clinical outcomes after single-row versus doublerow repair in a series of seventy-eight consecutive patients with full-thickness rotator cuff tears. While there were no differences in outcomes scores when all tear sizes were considered, stratification of two-year outcomes by tear size revealed significant improvements in ASES scores, Constant scores, and shoulder strength in tears larger than 3 cm 2 after double-row repair compared with the single-row method. Ma et al. 36 randomized fifty-three patients to receive either single-row or double-row repair in another Level-II trial. They found that abduction and external rotation strength was significantly improved after double-row repair as compared with single-row repair if the initial tear size was .3 cm in sagittal length. A Level-I clinical trial by Lapner et al. 31 found decreased retear rates after double-row repair compared with the single-row method in patients with smaller initial tear sizes. In addition, a Level-I trial by Carbonel et al. 30 compared the clinical outcomes after single-row versus double-row repair and stratified their results by initial tear sizes. They found improved abduction capacity after double-row repair across all tear sizes. In larger tears between 3 and 5 cm in sagittal length, the double-row method also showed significant improvements in ASES (p = 0.032) and UCLA (p = 0.019) scores when compared with the scores of those who underwent single-row repair. Thus, it appears that stratification of both clinical and structural outcomes by initial tear sizes may be another vehicle for detecting clinical differences between single-row and double-row rotator cuff repair.
Current Techniques
At present, quantifying the clinical and radiographic differences between traditional single-row and traditional double-row repair constructs may have limited applicability for contemporary surgeons. Over the past decade, many surgeons and researchers have begun experimenting with newer linked double-row suture and anchor configurations that have been reported to improve tendon-footprint compression as compared with that achieved with standard double-row repairs 18, 19, 46, 47 .
In these newer configurations, the medial suture limbs are preserved and are passed over the tendon substance and its footprint onto a distal-lateral row of anchors. This linked construct, first described in 2004 48 , has evolved into a transosseous equivalent technique (Fig. 3, B) , which has become quite popular in recent years due to its favorable biomechanical properties, including tendon-footprint compression, ultimate load to failure, and gap formation, in addition to its surgical reproducibility 18, 19, [48] [49] [50] [51] . Burkhart et al. 46 also demonstrated the selfreinforcing properties of these constructs and found that grasping strength improved as the mechanical load was increased. In addition to these advantages, this configuration allows anchors to be placed in the best-quality bone of the greater tuberosity 52, 53 while also moving the sutures and anchors away from the tendon-bone interface where healing occurs. More recently, surgeons and researchers have developed knotless double-row techniques that theoretically decrease the operative time associated with arthroscopic knot-tying, thereby improving the cost-effectiveness of double-row repair (Fig. 3, C and D) . Compared with techniques that utilize medial knots, knotless constructs are also purported to improve blood flow to the healing tendon 54, 55 . In addition, these knotless configurations use a newer, wider suture material that is thought to prevent suture pull-through by dissipating the applied forces over a larger tendon surface area 56 . Mall et al. 57 conducted a systematic review comparing the reported biomechanical
properties of knotted versus knotless transosseous-equivalent techniques. They found that knotless techniques resulted in increased gap formation and a decreased load to failure compared with transosseous-equivalent techniques in which medial knots were tied. On a few occasions, failure of the knotless construct has been reported to be associated with suture slippage 58, 59 .
These biomechanical results have also been correlated to clinical Fig. 3 Traditional double-row suture configuration utilizes two lateral anchors tied in a simple stitch pattern along with two medial anchors tied in horizontal mattress sutures (Fig. 3, A) . The transosseous-equivalent technique brings the medial suture limbs over the tendon substance and inserts them into the lateral anchors (Fig. 3, B) . Variations in the width of suture material and use of medial knots have been described (Fig. 3, C and D) . Compared with the transosseous-equivalent technique with medial knots (Fig. 3, D) , knotless transosseous-equivalent techniques with wider suture material (Fig. 3, C) may dissipate forces over a larger tendon area while also decreasing operative time. Fig. 4 As a modification to the traditional single-row construct (Fig. 4, A) , triple-loaded suture anchors have been developed to increase the number of suture passes required to secure the tendon back to its footprint (Fig. 4, B) . Despite the increase in retears in the knotless groups, there were no differences in clinical outcomes between either cohort in either study. Single-row repairs have also evolved extensively over the past decade. The development of double-loaded and triple-loaded anchors has facilitated the ability to place more sutures through the tendon per anchor, thus improving biomechanical properties (Fig. 4) 63 . Many authors have described modified suture configurations in which a horizontal mattress suture is placed in the rotator cuff tendon with one or more simple sutures passed medially, thereby creating a rip-stop configuration, similar to a Mason-Allen stitch.
Biomechanically, it appears that the double-row suture-bridge construct is stronger than both first-generation single-row and double-row repairs. Park et al. 18 used a pressure monitor to measure pressures over the supraspinatus footprint with three repair techniques. A 30-N force was applied to the repaired tendon, and the humerus was placed in various angles of abduction and rotation. The double-row transosseousequivalent repair had significantly increased pressure at all angles of abduction and rotation in comparison with the pressure exerted in standard demonstrated a significantly increased rate of imaging-proven retears via ultrasound after single-row repair compared with transosseous-equivalent doublerow repair (p = 0.024).
Clinical Care Recommendations
Overwhelming, biomechanical evidence suggests that double-row repair is structurally superior to single-row repair; however, this difference has not translated into an improvement in clinical outcomes scores thus far. Despite the lack of evidence regarding the clinical superiority of double-row repairs, surgeons have already begun to perform modified double-row techniques such as transosseous-equivalent repairs with or without medial knots. The rationale behind this movement involves the improved tendon-footprint compression and operative efficiency that is achieved with these newer constructs as compared with those achieved with the standard double-row suture-anchor repair method.
Due to the numerous biomechanical advantages of the transosseousequivalent techniques, the authors choose to perform double-row transosseous-equivalent repair (with or without medial knots) whenever possible, especially in medium to large-size tears (Table III) . In smaller fullthickness tears, this type of repair may not be necessary to achieve adequate footprint coverage and compression. However, it appears that even in smaller tears, imaging-proven retears may be higher after single-row repair [29] [30] [31] .
Therefore, we prefer to perform doublerow transosseous-equivalent repair even in tears ,3 cm in sagittal length. In massive, contracted tears, tendon mobility and quality may be inadequate to safely perform a double-row transosseous-equivalent repair, and thus single-row repair may be necessary in these cases. Due to very low numbers reported in the literature, strong clinical evidence does not yet exist to guide decisions regarding single-row versus double-row repairs in massive rotator cuff tears.
Conclusion
The vast majority of biomechanical evidence favors double-row repair with respect to footprint contact area, footprint compression, ultimate load to failure, and gap formation. In addition, numerous studies have documented a lower rate of imaging-proven rotator cuff retears when traditional doublerow repair is compared with traditional single-row repair types. However, in most clinical outcome studies to date, double-row repair has not yet resulted in an improvement in clinical outcomes. Longer-term studies that are appropriately powered to show a difference between groups are required *A: Good evidence (Level-I studies with consistent findings) for or against recommending intervention. B: Fair evidence (Level-II or III studies with consistent findings) for or against recommending intervention. C: Conflicting or poor-quality evidence (Level-IV or V studies) not allowing a recommendation for or against intervention. I: There is insufficient evidence to make a recommendation.
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